(Received 20 October 2009)
The present analysis is concerned with flow reversal phenomena of the fully-developed laminar combined free and forced MHD convection in a vertical parallel-plate channel. The effect of viscous dissipation is taken into account. Flow reversal adjacent to the cold (or hot) wall is found to exist within the channel as / is above (or below) a threshold value. Parameter zones for the occurrence of reversed flow are presented. The study of mixed convection flow in a vertical parallel-plate channel has received considerable attention because of its wide range of applications such as in the design of cooling systems for electronic devices and in the field of solar energy collection. Mixed convection in a vertical parallel-plate channel with uniform wall temperatures has been studied by Tao.
PACS
[1] Then Habchi and Acharya [2] studied the mixed convection in a vertical parallel-plate channel with asymmetric heating, where one plate is heated and the other is adiabatic. Habchi and Acharya, other workers (Aung and Worku, [3] Cheng et al., [4] Hamadah and Wirtz, [5] Jones and Ingham, [6] and Grosan et al. [7] ) studied mixed convection in a vertical channel with symmetric and/or asymmetric heating.
Sparrow et al. [8] observed experimentally flow reversal in pure convection in a one-sided heated vertical channel. Later Gau et al. [9] showed experimentally for mixed convection that the increasing buoyancy parameter will make the reversal flow wider and deeper. Taking into consideration of the effects of viscous dissipation, Barletta [10] demonstrated that in the case of upward flow, the flow reversal decreases with viscous dissipation. However, in the case of downward flow, the flow reversal increases with viscous dissipation. He also calculated criteria for the onset of flow reversal for both directions of flow, but without taking viscous dissipation into account. Grosan et al. [7] studied the thermophoretic transport in the steady fully developed mixed convection flow in a parallel-plate vertical channel with differentially heated isothermal walls. In particular, they showed the values of the buoyancy ratio , for which an increase of reversed flow appears for relatively small values of the Schmidt number and then decreases with increases of . A fully analytic solution of the problem studied numerically by Grosan et al. [7] was recently presented by Magyari.
[11]
Umavathi and Malashetty [12] Umavathi extended Barletta's research with the effects of viscous dissipation and a small magnetic field taken into consideration.
They reported that for a small and constant magnetic field, the effects of viscous dissipation on temperature and velocity are similar to those described by Barletta.
[10] However, Umavathi and Malashetty [12] overlooked the effects of magnetic field combined with the viscous dissipation in determining the criteria for the onset of flow reversal. Therefore, in this Letter, we present the conditions for the onset of flow reversal. Consider the problem of laminar and fullydeveloped flow of a Newtonian fluid in a vertical parallel-plate channel with the effects of magnetic field and viscous dissipation taken into account (c.f. Umavathi and Malashetty [12] ):
The walls of the channel are assumed isothermal with no-slip conditions:
The dimensionless governing equations for the problem are (c.f. Umavathi and Malashetty [12] ):
subject to the boundary conditions: 
Here and are the Hartmann number and the Brinkman number, is the temperature difference ratio, = / , where is the Grashof number and is the Reynolds number. The simple cases of either negligible viscous dissipation ( = 0) or negligible buoyancy forces ( = 0) can be solved analytically. However, in general, system (5)-(6) subject to boundary conditions (7)- (9) is a kind of nonlinear BVP for which no available exact solutions have been reported. Therefore, the BVP will be solved numerically by using the shooting technique via the fourth-order Runge-Kutta and Newton-Raphson method.
The simultaneous effects of various magnetic fields and levels of viscous dissipation on the flow reversal are presented in Fig. 1 . For a small and constant magnetic field, < 10 in upward flow, shown in Fig. 1(a) , viscous dissipation enhances velocity and decreases flow reversal, in contrast to the effect of , shown in Fig. 1(b) , where downward flow decreases the velocity and increases the flow reversal. However, for the large Hartmann number, = 40, velocity and flow reversal decrease together, and viscous dissipation has no effect on velocity and flow reversal.
Flow reversal can also be produced by the variations of buoyancy force as depicted in Fig. 2 .
If 1 < 2 and the reference velocity 0 > 0 (upward flow), the results in Fig. 2 imply that there exists a positive critical value such that for > , flow reversal occurs at = −1/4. The exact value of for the case = 0 is found to be
and for downward flow ( 0 < 0), the results in Fig. 2 imply that there exists a negative critical value such that for < , flow reversal occurs at = 1/4. The exact value of for the case = 0 is
The values of obtained from Eqs. (10) and (11) It was observed that increasing the Hartmann number can reduce (or increase) for the upward flow (or downward flow). In the limit → 0, we recover the critical values = 288 (upward flow) and = −288 (downward flow), which have been calculated by Barletta [10] for the case = 0. We note that the theoretical value for upward flow is lower than the experimental value, = 320, measured by Gau et al. [9] In the limit → ∞, the critical values are = 96 (upward flow) and = −96 (downward flow).
For a small magnetic field ( < 10), viscous dissipation increases the for upward flow and decreases the for downward flow. However, for a large magnetic field ( > 10), viscous dissipation has no effect on for upward and downward flow. In summary, the simultaneous effects of magnetic field and viscous dissipation on mixed convection in a vertical parallel-plate channel are studied. A magnetic field effect reduces the critical value of the buoyancy force for the onset of flow reversal. The criteria for the critical value of buoyancy force for the onset of flow reversal are |96| under the presence of a very large magnetic field ( → ∞). The aspect of the nonuniqueness of the solution as found by Barletta and Celli [13] and Pop et al. [14] for different vertical channel problems will be the focus of our next research undertaking.
